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ABSTRACT

The Marine Corps Program Office at the David Taylor
Research Center has funded the development of an
electric drive train for a waterjet propulsion system to
demonstrate high water speed in a Marine Corps pro-
pulsion system demonstrator (PSD) vehicle. in water,
this vehicle will be propelled by four waterjets, each
rated at 400 Hp, to provide the required thrust. The task
was to design and develop a system that would be com-
pact, lightweight, efficient and available to support ve-
hicle demonstration testing in June of 1989.

Due to schedule and cost constraints the decision was
made to design the propulsion motor to be compatible
with an existing alternator (with minor modifications).
After selection of the alternator was finalized design of
an alternator controller, induction motor, speed decreas-
ing gear (SDG) and coupling was begun.

After the design effort was completed fabrication was
begun on all deliverable hardware. All non-critical parts
and one complete system were completed. The remain-
ing critical parts were stopped in their fabrication cycle
at appropriate points to enable the incorporation of
changes in design that might be indicated by testing of
the first system.

After fabrication was completed component and system
tests were conducted. Component testing was used to
demonstrate, where possible, that components were
ready for system testing. System testing was conducted

to demonstrate all requirements that could be demon-
strated in the laboratory.

The maximum rating demonstra: 2d in the system test-
ing was 161 Hp. Mechanical damage was observed at
higher power levels. Testing for other requirements was
not completed. Due to problems which developed dur-
ing testing and schedule constraints the motor/SDG
lubrication and cooling system was changed to have
and external filter and heat exchanger.

Examination of the test data and the hardware indicated
that the problems encountered in system testing could
be solved with design changes to the stator, rotor and
SDG. Additional design changas could produce a lubri-
cation and cooling system completely contained in the
motor/SDG unit as in the original design. The alternator,
which was selected with cost and schedule drivers is
not well suited to this application.

It is recommended that three phases of development
should be pursued. The design changes to the stator,
rotor and SDG should first be tested to verify that the
design meets the requirements. At this point lubrication
and cooling system changes should be developed along
with other design improvements to the motor/SDG. Fi-
nally, a new alternator with higher efficiency, lower
weight, lower noise, and no air flow (oil cooled) should
be developed.
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INTRODUCTORY REMARKS 1 minute. The elements of the EWPS (alternator, con-
Section 1
EXECUTIVE SUMMARY

This report covers the design and development testing
effort pertaining to the Electric Water Propulsion Sys-
tem (EWPS) which was intended for use in the Propul-
sion System Demonstrator (PSD) Vehicle. The results
of the design effort are described in the "Amphibious
Vehicle Propulsion System Design Report”, Westing-
house Ind., Oceanic Division, July 8, 1988 (Appendix 1).
The fabrication and system testing programs are dis-
cussed on the the following pages. Component testing
is described in the "Amphibious Vehicle Propulsion Sys-
tem Acceptance Test Report”, Westinghouse Electric
Corporation, Naval Systems Div., December 21, 1989
(Appendix li).

OBJECTIVES

The EWPS was designed to meet stringent size, weight
and efficiency requirements. The motors were to include
self containea lubrication and cooling and be totally sub-
mersible in seawater. Each EWPS was designed to
deliver 400 Hp at 1250 RPM continuous and 520 Hp for

troller and motor) were designed to be interchangeable
with other EWPS units to minimize spares require-
ments.

ACCOMPLISHMENTS

After evaluation of several alternatives an alternator
which met the design requirements with minor modifica-
tions was selected. One unit was fabricated and tested
and four other units were fabricated. The controller was
designed specifically for the application. One unit was

- fabricated and tested. The motor/SDG was also de-

signed specifically for the application. One unit was fab-
ricated and tested and a second unit was started and is
90% complete.

Component testing was conducted to verify that ele-
ments of the system were ready for system testing and
to identify specific problems that were discovered during
the program. System testing was started at low power
levels to provide data to demonstrate that the system

TURBINE ~———
ENGINE

GEARBOX

CONTROLLERS (4)

TRANSOM BOUNDARY

PROPULSION SYSTEM

ROTARY ENGINE

GEARBOX

AC ALTERNATORS (4)

AC ELECTRIC MOTORS
WITH SPEED DECREASING
GEARBOXES (4)

3N
WATERL.ETS (4)
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was ready for higher power levels. As higher power lev- designs to correct this problem. The rotor overheating is
Section 1
EXECUTIVE SUMMARY

els were tested problems developed in the motor/SDG
and the system had to be derated to 161 Hp at 920
RPM. Further detail on the accomplishments will be
found in the monthly reports.

REMAINING PROBLEMS

Design changes have been made to the rotor, stator,
housing and SDG which are expected to resuit in
achievement of the original design goals. Since the new
hardware has not been tested, the problems which led
to design changes are listed here as potential problems.
The results of the system test program showed indi-
cated excessive losses in the machine, overheating of
the rotor and inadequate lubrication in the SDG.

RECOMMENDED SOLUTIONS
The losses are believed due to shorted laminations in
the rotor and stator. Changes have been made in both

Page 2

due to mechanical deformation in an element of the
shorting ring centering device which cuts off the flow of
cooling oil to the shorting ring. The new rotor design will
eliminate this problem. The original lubrication system
for the SDG did not provide adequate cooling to the
gear train. The modified design is expected provide the
best possible cooling.

RECOMMENDED SYSTEM IMPROVEMENTS

The most significant system improvement would be to
develop a new oil cooled atternator with higher efficien-
cy, lower weight, less noise and no air ducting needed.
As will be discussed in section 2, the motor/SDG no
longer has a completely self contained lubrication and
cooling system. With further development the system
could again be self contained.




The objectives of this design were low weight, high effi-
ciency and high reliability. The design concept selected
is represented schematically below. The weight require-
ments in the SOW were nearly met and with further
development could be bettered. The effiency require-
ments were again nearly met and could also be bettered
with further development. A reliability value has not
been established for the design but reliability was con-
sidered carefully in the design effort. Since four inde-
pendent systems are used on the vehicle, a failure in
one system would not leave the vehicle without propul-
sion. The design concept selected also has the potential
for integration with the traction drive since the altema-
tors could be shared for the two propulsion require-
ments.

WESTINGHOUSE AMPHIBIOUS PROPULSION
N00167-86-C-0158 FINAL REPORT
Section 2
DESIGN REVIEW
- QBJECTIVE OF DESIGN DESIGN STATUS

The design was completed in September, 87 and fabri-
cation of the first system was completed in January, 89.
Component testing was begun early in 88 and contin-

- ued into the spring of 89. System testing was begun in

March, 89 and continued until June, 89.

Various modifications to the design were made during
the fabrication and test phases to solve problems as
they were encountered. Further modifications were
made to a second Motor/SDG unit which was partially
fabricated after the test program was stopped.

Since the original design was documented in the "Am-
phibious Vehicle Propulsion System Design Report”,
Waestinghouse Inc., Oceanic Div., July 8,1988 (Appen-
dix t); this report will concentrate on the changes in the
design since that report and on additional changes that
are recommended.

Propulsion System Schematic

Waestinghouse
Propuilsion
System
DTRC
Amphiblous
Vehicle

Page 3
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Section 2
DESIGN REVIEW
SYSTEM The system is designed for an output power of 400 HP

The system is composed of an alternator, controller,
motor/SDG and a coupling. The alternator is driven by
the vehicle prime mover and supplies electrical power to
the motor. The output speed of the motor is reduced in
the SDG and the output power is transmitted to the ve-
hicle pumpijet through the coupling. The controller regu-
lates the voltage output of the alternator and monitors
the alternator and motor.

at 1250 RPM. A 1.3 overload (520 HP) is allowed for 1
Min. The system input speed is 3000 RPM. The control-
ler is used to start and stop the motor and sensas fault
cenditions in the system. The system requirements are
summarized below. For additional details see the SOW.

There have been no system level design changes in the
program and none are recommended.

Performance Requirements

Output Rating Continuous

Output Speed
Input Speed
Efficiency (target)
Weight

Output Rating Transient (1 Min.)

400 Hp (1250 RPM)
520 Hp (1250 RPM)
620 to 1250 RPM
4300 to 9000 RPM
80%

800 Lb.

Control Functions

Monitor Functions

Start

Stop

E-Stop

Auto Shutdown (Fault)

Machine Temperature
Motor Oil Pressure
Current

Motor Slip

Ground Fault

Page 4
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Section 2
DESIGN REVIEW
ALTERNATOR/PSB There have been no design changes to the alternator

The three phase brushless aiternator is composed of
three machines on a single shaft. The main machine
has a rotating field which is energized by the exciter
which has a stationary field. The final machine is a per-
manent magnet generator which is used to provide a
shaft speed signal to the controller. Temperature sen-
sors are mounted in the stator, and voltage and current
transformers are mounted in the PSB box to provide
signals to the controller. The machine is air cooled by
an internal fan and lubricating oil for the bearings is
supplied externally. A photograph of the machine ap-
pears on page 5A.

during the program. Recommended design changes are
to develop a new alternator taylored to the application.
The new machine would be oil cooled to eliminate the
losses and noise in the fan cooled machine as well as

. eliminate the need for ducting in cooling air. The magnet

iron in the new machine would be of higher quality
which would reduce losses and weight. Provisions
would also be made for sensors to support monitoring
requirements.

ALTERNATOR SCHEMATIC

T {
\"— N Vol
. 3. = Output Power To c?u:".:
| | Motor'SDG (3 Phase)  Temperature

P Signais To The Controlier

Input Power ; Rotor ——
From DR S O || Exciter .| _._{ __. et
Prime Mover |—{ Rotor
; : Fan
! ? |
= — —» Speed Signal To Controlier

Main Machine Stator ] Exciter Fleid Current
"""""""""""""""""""""""""" From Controiler
Summary of Alternator Specification

Cont. Rating 22 Kw Poles 6

Trans. Rating (1 Min.) 418 KW Efficlency 88% Min.

Phase 3 Shaft Speed 9000 RPM

Voitage 520 VACL-L Weight 364 Lb.

Frequency 450 HZ Cooling Alir- Internal Fan

Dimensions 134 Dia.x259 Lg
Page 5
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Figure 1. Alternator
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Section 2
DESIGN REVIEW
CONTROLLER testing of the first unit it was determined that the stored

The controller regulates the alternator output voltage to
a constant volts/hertz value. The feedback control sys-
tem varies the exciter field current to achieve the output
voltage as a function of alternator speed. In addition to
this function the controller also turns the motor on and
oft (as commanded), monitors all sensors in the altema-
tor and motor, shuts the motor down in the event of a
fault condition and sends data out through an RS-422
serial link. A photograph of the controller appears on
page 6A.

Design changes to the controller were made in the
boost conventer, the field regulator and the software. In
the original design the boost converter included included
a current limit circuit to provide protection to the altema-
tor and internal circuitry. Since the alternator was pro-
tected by a current limit circuit in the field regulator, this
protection was redundant in that respect. In addition it
was determined that internal circuit protection was not
required and this circuit was eliminated to reduce cost.

The field requlator has three shutdown modes to pro-
vide redundancy for this critical function. The first level
is an electronic mode in the field regulator. If this mode
fails an electronic mode in the boost converter is com-
manded. in the original design, the third mode was a
refay in the 150V field supply. During the component

energy in the field put an excessive load on capatitors in
the circuit when this relay was opened. Therefore, the
relay was relocated to the 28V input to the controller
which served the same purpose and was easier to im-
plement.

The controller was originally designed for a current limit
value of 9 A to provide an adequate margin for starting
the motor/SDG. During the fabrication phase it was de-
termined that diodes in the aiternator would be marginal
at this current level. A value of 7 A was considered safe
for the diodes and was expected to start the motor/SDG
adequately. Therefore, the current limit was changed to
this value and subsequent testing showed that it was
adequate.

The software originally had three main programs (pres-
tant, start and run) all of which set a 10 Ms timer as a
first step, ran through their process and waited untif the
timer caused them to star over. During the development
of the software it was found that the caiculation of slip
took longer than expected and caused the entire pro-
cess time to exceed the 10 Ms. To overcome this the
start and run programs were modified to alternate
cycles such that slip was calculated in one cycle and all
other functions were processed in alternate cycles.

CONTROLLER SCHEMATIC

Fleld Current To
Altemator Exciter

Signals From Altermnator T ? [—— Signais From Motor/SDG

Voltage Speed
Current Temperature
Speed Controller Oll pressure
Temperature : .
Commands r RS-422 Serial Link
(From Vehicie Console)

Page 6
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Figure 2. Controller
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Section 2
DESIGN REVIEW
MOTOR/SDG During the test programs for the motor/SDG and the

The motor/SDG is illustrates schematically below and
consists of a three phase induction motor direct coupled
to a planetary speed decreasing gear. It has a self con-
tained lubrication system and has sensors for tempera-
ture, oil pressure and motor shaft speed which send
signals to the controller. Details of the design will be
discussed further under the individual subjects of the
motor and SDG. A photograph of the machine appears
on page 7A.

Design changes were made to the lubrication and cool-
ing system, several components of the motor and the
SDG. Under this topic the changes to the lubrication
and cooling system which effected the motor/SDG as a
unit will be discussed. The other changes will be dis-
cussed under the topics of motor and SDG which follow.

system it was determined that the lubrication system
was not delivering the design flow. Two problems were
identified: the inlet filter created too much pressure drop
and a vortex was forming in the sump causing air to be
ingested by the lubrication pump.

In an attempt to preserve the schedule the internal filter
was eliminated and replaced by an external filter posi-
tioned downstream of the pump. The vortex problem
was solved by installing an inlet adaptor that drew oil
from a large area and kept the inlet velocity low.

After test 203 (see section 4) it was determined that the
motor/SDG cooling system was not performing ade-
quately. Subsequent component tests on the stator

MOTOR/SDG SCHEMATIC

| xR . Temperature Signals
Planet Gear : i—"~"=1 To Controller
Lube Pump AER==" ! D ~— Pressure Xducer
S s 8 = =y Speed Sensor
B L % signais To The Controlier
Output Shaft : r Speed

Pinion __—_/j//'m
Ring Gear Sump

§ — - ¢ — ¢ —" . ——- - ® — - ——  —

Rotor Olf Pressure

Stator

..... Power From The Alternator

Summary of Motor/SDG Specification

Cont. Rating 400 Hp
Trans. Rating (1 Min.) 520 Hp
Phase 3

Voltage 520 VAC L-L
Frequency 450 HZ

Poles 6
Efficlency 92% Goal
Shaft Speed 1250 RPM
Weight 301 Lb.
Cooling OlL
Dimensions

Page 7
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DESIGN REVIEW

showed that the heat transfer path from the stator to the
outside of the motor housing was inadequate. The

cause of the high resistance was conciuded to be the
contact resistance between the inner and outer shells
ofthe heat exchanger. For this reason the internal heat
exchanger was eliminated and a water jacket was add-
ed to the outside of the new single shell housing design.
An external heat exchanger was added to the lubrica-
tion and cooling system to replace the original heat ex-
changer.

Recommended design changes concem the lubrication
and cooling system, the protective coatings, the mount-
ing provisions and the output shaft. During the test pro-
gram, as described above, the original concept of a self
contained lubrication and cooling system was modified
in an attempt to meet the schedule requirements. A self
contained system is still possible but would require de-
velopment. The original concept had a heat exchanger
in the wall of the motor housing with water flooding the
outside. Heat from the stator flowed through ribs in the
heat exchanger to the water outside. The new concept
would have water flowing through a water jacket inside
the heat exchanger and outside the stator. This would
improve the stator cooling path. The water jacket con-
cept eliminates the need for flooding of the motor and
reduces total vehicle weight.

The oil filter which was mounted externally during the
test program to meet schedule requirements could be
mounted on the SDG. This would restore the completely
self contained lubrication system concept.

The present sump arrangement creates difficult trade-
offs: it the oil level is high the rotor may be partially sub-
merged creating excessive drag and if the oil level is
low the total amount of oil in the system is low (causing
the il to recirculate too often and degrade rapidly) and
it becomes possible for the lubrication pump to ingest
air and cut off oil flow to the system. It is therefore rec-
ommended that an oil reservoir be added and a sca-

Page 8

vange pump be used to deliver oil from the sump to the
reservoir.

A water pump could be added to the SDG to supply
water to the water jacket described above. This would
make the water system completely self contained also.

The coating system originally selected for all external
surfaces of aluminum parts was electroless nickel. Dur-
ing the test program it was found that the coating was
very easily damaged. The coating itself is extremely
hard and durable and has excellent corrosion resistance
to seawater. However, the aluminum is soft and easily
nicked. When this occurs the coating is disrupted and a
flaw develops. in addition to this it was determined that
nickel and aluminum have a high electro-potentail rela-
tive to each other and these flaws would result in severe
cotrosion in seawater or a seawater atmosphere. It is
therefore recommended that a new protective coating
be developed.

The present mounting provisions for the motor/SDG are
two sets of bolt patterns; one in the forward bulkhead
and the other in the SDG. This arangement produces a
need for load sharing between two brackets in the ve-
hicle (and on the test stand) and results in unnecessari-
ly sophisticated bracket designs. It is recommended that
in a new design a single bolt pattern be placed in the
SDG to carry the entire load.

The present output shaft design consists of a straight
shaft with a keyway. This was the most desirable ar-
rangement for use with a flexible coupling. However, if a
reasonable amount of alignment can be maintained in

" the transom, a spline would seem more appropriate for

this application. If the key is used the hub shouid be
fixed to the shaft so the key does not wear out. This
produces a possible problem with the development of
axial forces on the shaft induced by temperature
changes or mechanical deflections in the transom. A
splined hub would not be fixed to the shaft and axial
forces would be prevented. A small amount of misalign-
ment can also be tolerated by a spline.
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Section 2
DESIGN REVIEW
MOTOR Design changes have been made to the housing, stator,

The three phase induction motor consists of a housing,
stator, rotor, and forward bulkhead. The aft end of the
rotor is supported by a bulkhead in the SDG. The motor
is designed to direct couple to the SDG. A sump is at-
tached to the housing for collection of oil and nozzles in
the bulkhead spray oil on the rotor and end turns of the
stator for cooling. Temperature sensors are embedded
in the stator winding, a pressure transducer is con-
nected to the oil supply passages and a speed sensor is
mounted adjacent to the rotor shaft to provide signals to
the controller.

and rotor. The changes described below reflect the de-

" sign which was partially fabricated at the end of the
project and additional recommended design changes.
Other design changes which occurred during the project
will be discussed Section 3 Problems/Solutions.

Housing

The changes to the housing consisted of elimination of
the internal heat exchanger, addition of a water jacket,
replacement of the integral oil sump with bolt on version
and enlargment of the oil suction passage. The new
housing design is illustrated below. A new housing was
fabricated in preparation for the assembly of a second

/——— Water Jacket

AN W wad

| P
b e e vl

—" 7

Enlarged Oil
Inlet Pamgo\

Z

rZ1

NEEAN
g

A ", WG VP W W W S S W, V. W, W W V.

Bolt on Sump
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motor/SDG and is 95% complete. The heat exchanger
and water jacket were discussed under subject of the
motor/SDG.

The bolt on sump design was incorporated because of
fabrication problems encountered with the first two
housings produced. The first housing had a welded
sump and had to be scrapped because of distortion
produced by the welding process. The second housing
had a brazed sump which had leaks in the braze joints.
The new housing was therefore designed with a bolt on
sump which is sealed by O-rings.

The enlarged oil inlet passage was the result of other
changes in the lubrication and cooling system. After test
203 (see section 4) it was determined that the cooling
system was inadequate. In subsequent component test-
ing of the stator it was concluded that end turn cooling
was required for the stator. This resulted in an increase
in design flow from 3.5 to 4.5 GPM. The oil inlet pas-
sage was not adequate to handle this increased flow
and was therefore enlarged in the new design.

Additional recommended design changes are described
under the subject of the motor/'SDG and are briefly to
develop a new internal heat exchanger, add an oil res-
ervoir and to develop a new protective coating process.

Stator

The changes to the stator were made to the insulation
system, the stack and the top sticks. A photograph of
the first stator appears on page 10A. During the fabrica-
tion of the first stator unit a short developed in the wind-
ing when a G-30 header strip (required to separate
windings with a high potential relative to each other)
was installed. The cause was traced to nicks in the
winding insulation caused by the sharp edges of the
header strip (which is a fiber glass laminate). To solve
this problem, Nomex (a durable but soft paper) mids-
ticks were designed with overlapping flaps which served
the same function as the header strip. At the same time
it was found that the Nomex-Kapton-Nomex slot liners

did not hold up well to the bending operations on the
winding. Therefore, since the winding had to be strip-
pied for the above problem the slot liners were replaced
with Nomex which is much more durable. Nomex will
not withstand as high a potential as Nomex-Kapton-
Nomex but is more than adequate for this application.

Modifications were made to the stack after test 519 (see
section 4) when it was determined that every possible
approach was required to reduce losses in the machine.
At this time a second stator was fabricated in prepara-
tion for building a second motor/'SDG. The original lami-
nations were annealed to a condition which was a
compromise between acceptable mechanical properties
for the rotor stack and acceptable magnetic properties
for the stator stack. At this time it was concluded that
maximum properties in the stator laminations were
worth the expense of reannealing.

When the first sample stacks were prepared for the first
stator it was found that the laminations were shorted.
After a great deal of investigation it was concluded that
the shorting was limited to the edges of the laminations
and would not have a serious impact on the machine
performance. However, this could not be proved and it

- was decided after test 519 to change the process such

that no shorts could be detected. Therefore the lamina-
tions in the second stator were given a double coat of
epoxy which succeeded in eliminating all shorts.

The top stick design was modified as a result of compo-
nent testing done shortly after test 203 (see section 4).
After test 203 it was concluded that there were exces-
sive losses in the motor/SDG and various tests were
conducted to determine where the losses were occur-
ring. In one of these tests it was determined that oil col-
lecting at the end of the air gap was producing a
significant loss (4.5 KW). To reduce this loss, drain pas-
sages were added to the top sticks to provide an es-
cape path for the oil. In further component testing this
design change was shown to have reduced the loss to
1.3 KW.
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Rotor Laminations for the new rotor were treated with a

Modifications to the rotor involved the lamination stack,
the copper shorting rings and the rotor bars. After test
519 (see section 4) it was determined that every possi-
ble method must be employed to reduce losses in the
rotor. A third rotor was fabricated in preparation for build
a second motor/SDG and is 95% complete. The new
rotor design is illustrated below.

Since the rotor operates at a very low frequency when it
is up to speed the losses due to eddy currents are ex-
pected to be very small. Therefore, since the original
design called for brazing of the bars (which would de-
stroy any insulating material avalialble) the decision was
made to use no insulation between the laminations.

double coat of epoxy to eliminate eddy curmrents. Since
this new stack was held together by the epoxy, the steel
end plates in the original design (which were intended to
support the stack) were no longer needed and since
their presence in the machine magnetic field produces
more losses, they were eliminated.

After the rotor is assembled the outside diameter of the
stack is ground to obtain the desired size and concen-

* tricity. The grinding process smears metal between the

laminations and creates new shorts between them. To
eliminate this a final cut was taken with wire EDM which
burns the material away and produces no smearing.

It was determined that an end ring centering mecha-
nism was needed in the spin test of the second rotor.

Soider Joint

Core
| /

F
H

7 P Shroud

i SN NNNNNNN

Shorting Ring
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Two mechanisms were tried in an attempt to salvage
this rotor but both failed. When a new rotor was built
(after test 519) the end ring was redesigned to be
pinned and screwed to the shaft.

After test 519 it was discovered that one of the ele-
ments of the centering mechanism had been slightly
displaced and caused the rotor cooling oil to be thrown
off without contacting the shorting ring. If they had been
contoured (dished), the escaping oil would have been
recaptured and at least some of the surface would have
been cooled. The new shorting ring design does not
have any elements which can be deformed but a con-
tour has been added as protection against build up of
foriegn material.

It is possible that when oil is sprayed on a rotating disc
that some of it splashes off instead of flowing across the
surface. For this reason a shroud was added to the new
rotor design to collect any oil that may splash.

Since the stack design was changed to include epoxy
insulation the brazing operation had to be eliminated.
Therefore the bars are now soldered to the shorting
rings. This resulted in the added benifit that the me-
chanical properties of the shorting rings were not ef-
fected by soldering and the shrink rings (which were
needed in the original design to support the shorting
rings) were eliminated.

Additional recommended design changes to the rotor
are to enlarge the output shaft, make it out of 17-4 PH
stainless steel and spline the end for coupling to the
SDG. The present design requires the high strength PH
13-8 MO (which is expensive and not as readily avail-
able as 17-4 PH) due to the size. In the present design
a coupling is keyed to the output shaft and drives the
SDG pinion with a spline. If the end of the shaft were
splined it could drive the pinion directly eliminating parts
and taking less space.
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SDG nated and replaced with nozzles mounted on the output

The 7:1 reduction SDG consists of a housing, buikhead
(which is shared with the motor), a ring gear, an output
shaft which carries the three planet gears, a sun pinion
and a lubrication pump. The housing has lugs for
mounting the motor/SDG in the vehicle. The lubrication
pump is mounted on a manifold which connects the
pump inlet to passages in the SDG housing and bulk-
head leading to the oil inlet in the motor housing. The
pump discharge is ported for connection to the external
filter. Arelief valve in the manifold discharges oil to the
SDG housing if system pressure becomes excessive.

Design changes have been made to the lubrication sys-
tem in two areas: the pump discharge now flows to an
external filtering system and heat exchanger and the
original fixed sun pinion spray nozzies have been elimi-

shaft which spray the teeth of the sun pinion, planets
and ring gear as they leave the mesh. The changes to
external filter and heat exchanger were discussed under
the previous topic of the motor/SDG.

The changes to the lubrication of the gearing were
made after test 519 (see section 4). At this time it was
concluded that the lubrication of the gears was inade-
quate and a new SDG was modified for use in the build-
ing of a second motor/SDG. The modifications were
completed. The modified unit is illustrated below.

In the original design fixed nozzles directed a spray of
oil onto the pinion teeth and the rest of the gears were
lubricated by oil splashing off the pinion. Each time a
planet gear went by a nozzie the flow to the pinion was

Pinion Nozzle

Ring Gear Nozzle
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blocked with the result that a large portion of the time
the pinion was getting no cooling.

Recommendations from several gear experts were con-
sidered prior making any changes. According to one of
the experts the most critical function of the lubrication
system is the removal of heat. He pointed out that as
the gear teeth leave the mesh they have a high surface
temperature. If the heat is removed at this time the heat
transfer process is enhanced because there is a large
temperature difference between the gear tooth and the
oil. If it is not removed it soaks back into the tooth re-
sulting in a higher average gear temperature. With a
higher gear temperature the thin film of oil in the mesh
is also higher and the viscosity becomes too low to sup-
port the load.

The amount of oil needed to provide a film in the mesh
is extremely small and is adequately supplied by splash.
It was also pointed out that in this design approximately
the same amount of heat is generated in the ring gear
mesh as in the the pinion mesh. Therefore spraying of
the ring gear teeth as they leave the mesh is also rec-
ommended.

Based on these recommendations the fixed nozzles
were eliminated and nozzles mere attached to the plan-
et carrier to spray the pinion and ring gear as they leave
the mesh.

The recommended design changes involve the housing,
output shaft, lubrication system, and the addition of a
water pump. Changes to the output shaft and lubrication
system and the addition of a water pump were dis-
cussed under the topic of the motor/SDG. Changes to
the housing include changing the mounting provisions,
developing an improved coating system and changing
the mounting for the ring gear. The mounting and coat-
ing system recommendations were also discussed un-
der the topic of the motor/SDG.

The ring gear is presently kept in the proper plane by
lugs on the bulkhead and housing and rotation is pre-
vented by two pins in the bulkhead which engage lugs
on the ring gear. The purpose of this arrangement is to
allow the ring gear to float and enabie the planet gears
to share the load. In reality there is no gvidence that this
arrangement allows any float.

Since the pinion is allowed to float, load sharing is ade-
quately provided for without this arrangement. There-
fore, the ring gear could be fixed in the gear housing
with no loss of function. This would simplify manufactur-
ing as well as assembly.
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INTRODUCTION cable supports in the PSB. Since there were no tem-

The project can be broken down into three phases: the
design phase, fabrication phase and the testing phase.
This section will describe the problems encountered in
the last two phases, the design changes made and ad-
ditional recommended design changes.

ALTERNATOR/PSB

During the fabrication phase of the altemator a ground
developed between the exciter rotor winding and the
shaft. The problem was traced to burrs on the edges of
the laminations and a sandblasting operation was added
to eliminate this problem.

A number of problems were encountered in the test
phase. Due to the cantelever mounting of the alternator
the machine vibrated excessively when it was first
tested. To correct this problem a new stiffer mounting
bracket was fabricated and installed.

The seal on the drive end bearing leaked oil into the
machine. The oil was picked up by the cooling air and
discharged into the laboratory. The cause of this leak
has not been clearly identified. The seal function is de-
pendent on air pressure and oil pressure to the bearing.
This problem persisted through the entire test program.

The mounting for the PSB was inadequate and installa-
tion was difficult. Mounting provisions for the PSB con-
sisted of four 8-32 tapped holes which were only about
.166 inches deep located in the main power terminal
block assembly. This prevented the incorportion of

perature sensors embedded in the stator they had to be
installed externally through holes in the housing. Jack-
eted RTD's were used to provide mechanical protection
to the leads. Howeve:, the RTD's are not designed for
mounting at both ends of the jacket and special provi-
sions had to be made for this requirement.

Provisions for the external lubrication are complicated
and requirements are difficult to establish. The supplies
to each of the two bearings have to be independenly
controlled because a parallel supply could result in one
bearing being starved for oil. Qil in return lines was
mixed with large quantities of air requiring large return
lines and provisions for separating the air at the reser-
voir. Due to the leakage of one of the seals the il in the
reservoir had to be replaced frequently.

The air cooling system has to be restricted on the dis-
charge side to provide the proper pressure environment
for the seal discussed above. The machine has no pro-
visions for connecting a duct for this purpose and at-
taching a duct was difficult.

No design changes have been made to the alterna-
tor/PSB. It is recommended that a new alternator/PSB
would be developed with oil cooling, improved magnet
iron and embedded sensors for sending signals to the
controller. These recommendations are discussed in

_ section 3.

ALTERNATOR/PSB PROBLEMS/SOLUTIONS

Component Problem Solution
Exciter Rotor Winding Short Remove Burrs
Drive Stand Bracket Vibration Replace Bracket
Drive End Seal Leakage None
PSB Mounting & Ass'y None
Lubrication Control None
Alr Cooling System Control None
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CONTROLLER During the software development it was discovered that

There were minor problems in two areas of the control-
ler: the regulator and the software. The original design
of the regulator called for a relay to interupt the field
circuit in one shutdown mode. it was determined that
this arrangement caused excessive load on capacitors
in the circuit and the relay was relocated to the 28V
input of the controlier.

the slip calculation process took longer than expected.
The total process time for slip and all other parameters
exceeded the 10 Ms loop time in the main program. To
solve this problem the main program was altered to
alternate between sampling slip and sampling all other
parameters.

These changes are discussed in section 2 Design Re-
view.

CONTROLLER PROBLEMS/SOLUTIONS

Component Problem Solution
l Relay Excessive Load on Relocate Relay In Different Clrcuit
Capatitors
' Software Slip processing Time Alter Main Program Cycle Time
Greater Than Expected
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MOTOR welded, no additional design changes were made at this

Problems occurred in four areas during the fabrication
and test phases: rotor, housing, lubrication system and
stator.

Rotor

The stack laminations in the first rotor were welded to-
gether along three equally spaced axial tracks along the
inside diameter. The purpose of these welds was to
hold the stack together for the next assembly operation.
The welds cracked prior to the assembly operation and
a different method of assembly had to be used. The key
was left out because it was considered a source of risk
to the new assembly method. The steel end plates were
welded to the shaft as a substitute for the key. Since a
method of assembly had been worked out, the core tor
the second shaft was not welded.

The brazing operation on the rotor bars and shorting
rings seriously reduced the material properties of the
pars. It was determined that the material would still
handie the loads and processing was continued.

The first rotor was placed into a fixture for spin testing
and gradually brought up to the overspeed condition
(10500 RPM). At 8600 RPM it came apart. The cause
of the failure was concluded to be due to a loss in me-
chanical properties in the !aminations caused by the
welding process. Since the second rotor was not

time.

The second rotor was sucessfully spin tested but was
out of balance after the test. The cause of this was con-
cluded to be shifting of the shorting rings. A shorting
ring centering mechanism was designed and installed
and the rotor rehalanced. The second spin test pro-
duced no additional imbalance and the rotor was ready
for assembly into the motor/SDG.

After test 203 (see section 4) the rotor was removed
and found to have rubbed the stator. One of the ele-
ments of one ~f the end ring centering mechanisms had
moved nut ¢f its proper location and was no ionger
~a&ving to center ‘ne shorting ring. Although it was not
clear at this time, in later tests it was concluded that
axial motion of the shorting ring caused the movement
oi the ¢utoting element. Without a complete under-
standing of the problem it was concluded that a modifi-
cation to the centering mechanism which prevented
axial movement of the above element would solve the

. problem. It was also concluded that the rotor core was

overheating due to shorted laminations {(caused by
smearing of metal in the grinding process) and a cut
was made on the outside diameter of the stack with the
wire EDM process (which burns the metal away) to
minimize the shorting. After these changes were made
testing continued.

ROTOR PROBLEMS/SOLUTIONS

Component Problem Solution

Rotor Core Cracked Welds Alter AssemblyMethod
Shorting Rings Loss of Properties Solder Instead of Braze

Rotor Core Falled in Spin Test Eliminate Welding of Core
Shorting Rings Shifted in Spin Test Add Centering Mechanism
Shorting Rings Shifted in Motor Test Modify Centering Mechanism
Shorting Rings Shifted in Motor Test Attach Shorting Rings to Shaft
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After test 519 (see section 4) thie rotor was again re-
moved and found to have rubbed the stator again. This
time the centering element was deformed by the axial
motion of the shorting ring and the role of the axial
movement became clear. The centering element was
located in the path of the oil spray for cooling the rotor
and before it was deformed the oil flowed from it across
the face of the shorting rings. after it was deformed it
threw the oil off without contacting the shorting ring and
cut off the cooling to the rotor. This explains the over-
heating and rubbing of the rotor.

At this time a third rotor was fabricated for use in a sec-
ond motor/SDG. The new design incorporates shorting
rings which are contoured and attached to the shaft with
pins and screws. The stack is insulated with epoxy and
the outside diameter is cut with wire EDM. The bars are
soldered to the shorting rings and shrouds have been
added to the ends of the rotor. These design changes
are discussed in section 2.

Additional recommended changes are to enlarge the
output shaft and to spline the end of it. These changes
are also discussed in section 2.

Housing

The original housing design consisted of an outer shell
in which fins for the heat exchanger were brazed into
grooves and an inner shell and sump which were
welded to the outer shell. Welding deformation caused a

separation to occur between the inner and outer shells
resulting in an internal leak path for the heat exchanger
which would severly impacted the function; therefore,
the part was scrapped.

A second housing was fabricated in which the fins and

. sump were brazed to the outer shell and the inner shell

was shrunk in place. After the unit was completed it was
found that some of the braze joints leaked. This was not
an optimum process since parts that were already in
process for the other design were used and design free-
dom was limited. However, some of the leaks occurred
in the joint between the sump and the housing. This
joint, which would still be required in a completely new
design is not suitable for the brazing process due to the
complexity of the geometry and the rigidity of the parts.
Therefore, the brazing process was abandoned for fu-
ture designs.

The leaks in the second unit were plugged adequately
to proceed with motor testing and it was used to as-
semble the first motor. After test 203 it was found that
the heat exchanger removed heat from the oil ade-
quately but the heat flow path from the stator to the out-
er shell was inadequate. The probable cause of this was
a high thermal resistance between the inner and outer
shells. To continue testing, the housing was modified to
circulate water through the heat exchanger passages
and the oil was redirected to an external heat exchang-
er. A new housing was designed and fabricated with a

HOUSING PROBLEMS/SOLUTIONS

Component Problem Solution

Heat Exchanger internal Leakage Due Replace Welding Operation With
to Distortion Brazing Operation

Sump Leakage Replace With Bolted Design

Heat Exchanger Inadequate Stator Heat Eliminate Heat Exchanger and Add
Flow Water Passages to Housing
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single shell desigh surrounded by a water jacket, an
enlarged oil inlet passage and a bolt on sump. The new
housing is discussed in section 2.

Additional recommended design changes ar to develop
a new internal heat exchanger, add an oil reservoir and
develop an improved coating system. These changes
are discussed in section 2.

Lubrication System

The original lubrication/cooling system consisted of a
pump which drew oil through a fiiter in the sump and
forced it through the heat exchanger and into the
nozzles. After the oil leaves the rotor it flows down to
the sump. Early if the test program it was found that the
filter caused too much pressure drop, caused the pump
to cavitate and limited the flow to the system. At this
time the internal filter was replaced with an external
filter.

The flow rate continued to be less than expected and it
was determined that air was being ingested in the pump
suction line in the sump. This problem was solved by

fabricating an oil iniet device which resisted the forma-
tion of a vortex in the sump.

After test 203 (see section 4) the total oil flow require-
ment was increased from 3.5 to 4.5 GPM. Since the
lubrication pump had extra capacity this presented no
problem for the pump. However, it was determined that
the oil passage from the sump to the lubrication pump
was inadequate. To maintain schedule an external suc-
tion line was added to the unit being tested and design
efforts were begun on a new housing and modified SDG
with enlarged passages. The new housing and SDG
designs discribed in section 3 incorporate larger pas-
sages as well as the other design changes described
above.

Additional recommended design changes are to add an
oil reservoir, add a scavange pump and to alter the lu-
brication circuit. These changes are discussed in
section3d.

LUBRICATION SYSTEM PROBLEMS/SOLUTIONS

Oil Inlet Passage

Component Problem Solution
Filter Excessive Pressure Drop | Replace With External Filter
Oil Inlet Alir ingestion Alter Inlet to Prevent Vortex

Excessive Pressure Drop

Enlarge Passage
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Stator During the curing of the first unit (after VPI) the core

Test samples for the first stator stack had a short circuit
across the stack. Various methods were tried to elimi-
nate the shorts without success. After extensive investi-
gation it was concluded that the shorts were occurring
at the edges of the laminations and would probably not
create a serious loss in the machine. The lamination
material was also tested at this time and found to have
acceptable but less than desirable magnetic properties.
The decision was made to continue with the build with
the hardware unchanged.

During the winding process some insulation was
scraped of one of the conductors by a header strip
which was inserted to separate windings which have a
high potential relative to each other. The material for the
header strip was G-30 fibreglass laminate which has
sharp edges. To eliminate this problem Nomex mids-
ticks were designed with flaps on each end which over-
lapped adjacent flaps and formed an equivalent header
strip. Since the winding had to be stripped for this
change two other changes were made at the same
time: the Nomex-Kapton-Nomex slot liners were re-
placed with Nomex which is more durable and the ends
of the slots were deburred for added ensurance against
insulation failure.

developed cracks between some of the laminations.
Clamps were added and the curing was completed with-
out further problems. The clamps were permanently
added to the process for future units.

The unit was assembled into the first motor and motor
testing was begun. During the test program the total
losses were found to be greater than expected. The

. exact contribution of each design element could not be

determined. One specific problem identified after test
203 (see section 4) was oil drag caused by oil collecting
at the edge of the air gap. This problem was solved by
adding drain passages to the top sticks adjacent to the
air gap in the rotor.

After test 519 a second unit was fabricated in prepara-
tion for building a second motor/SDG. At this time it was
known that there were excessive losses in the machine
but the specific sources could not be identified. It was
therefore decided to make any changes to the stator
which would possibly make an improvement. Thus, the
laminations were reannealed to obtain the best possible
magnetic properties and coated with two layers of
epoxy to eliminate shorts in the next unit.

STATOR PROBLEMS/SOLUTIONS

Component Problem Solution

Stack Lamination Shorts Defferred

Header Strip Cut Insulation on Winding Replace With Nomex
Slot Liners Not Durable Replace With Nomex
Stack Cracked During Cure Clamp during Cure

Alr Gap Oll Drag Add Drainage Passages
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SDG the problem was insufficient lubrication. At this time the

There were no significant problems in the fabrication of
the SDG. After component testing was completed the
first SDG was assembled to the motor and motor/SDG
and system testing was begun. After test 203 (see sec-
tion 4) it was observed that the pinion had developed
severe scoring. The manufacturer identified the problem
as due to insufficient lubrication. At this time it had
been determined that the lubrication system had not
been functioning correctly in previous testing and it was
decided to correct the lubrication system problem, re-
place the SDG and continue testing.

After test 506 (after the lubrication system function had
been established) a second pinion was found to have
minor pitting and again the manufacturer indicated that

design was changed to cause partial flooding of the
SDG. Further tests (515 and 519) showed that this
method also did not work.

After test 519 a third SDG unit was modified to elimi-
nate the fixed nozzles for the pinion and add nozzles to
the planet carrier which direct flow to the pinion and ring
gear teeth as they leave the mesh. These changes are
discussed in section 2.

Additional recommended changes are to change the
mounting of the ring gear, spline the output shatt,
change the external mounting provisions and protective
coating, and add pumps and a filter. These changes are
also discussed in section 2.

SDG PROBLEMS, SOLUTIONS
Component Problem Solution
Plnlon Scoring Correct Deficiencies in
Lubrication System
Plinlon Minor Plitting Modity SDG Lubrication
System
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INTRODUCTION

The objective of the test program was in general to
verify that the machine meets all specification require-
ments that can be demonstrated in the laboratory. Com-
ponent testing was conducted to verify readiness of
components for testing at higher assembly levels. Sys-
tem tests were begun at reduced power levels to pro-
vide assurance that performance at full power would be
acceptable.

Since problems developed during the test program the
full test program was not completed. In this section the
objectives and results of the completed tests are de-
scribed.

SYSTEM
At the system level there were 15 tests conducted. A
schematic diagram of the test setup is shown below.

~ The DC drive motor was used to drive the alternator at

the various required speeds and the dynamometer was
used to apply the desired loads to the motor. The drive
motor and dynamometer were controlled by the opera-
tor's console. Motor starting and stopping was con-
troiled by the system console. Instrumentation readouts
were located in the operator's console and a CRT con-
nedted to the system console. Additional detail on the
test setup and the instrumentation is contained in the
"Ambpibious Vehicle Propulsion System Acceptance
Test Report®, Westinghouse Electric Corporation, Naval
Systems Division, December 21, 1989 (Appendix Il).

A brief description of each test appears on the following
pages.

DC Drive Motor ;:"“' ARemator Motor/30Q Torque  DYnamometer
ucer Aduoer
—
- ||
SN - SV = SE— 1 =z O W R
8 Lube
j System Lube
System
Instrument Lines
Control
e 1= ] Ty | the
CRT System Controlier 2VDC
Console Power Supply Openators Console
System Conscle
Operators Console
Instruments Controle Wattmeter o
instruments Controls
Allernstor Motor
Speed Start Atemstor Orive Stand
Volatge Stop Tomue Speed
Curnent Speed
Winding Tempersture Motor Dyramometer Sand
Motor Tomue ™
Speed Speed
Oll Pressure Winding Tempersture
Winding Temperature O Row
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Test 113 Test 117

This test was run at the starting speed and 11% full
power. The test was run until steady state temperature
was achieved (50 Min.) to get an initial idea of the ther-
mal behavior of the machine. Thermal performance
was acceptable at this time.

Test 114

This test was run at 40% full power with the same ob-
jective as test 113. Due to difficulties with the test facil-
ity a torque surge occurred just as the operating point
wa: reached. Rapid heating occurred in the motor wind-
ing and the controiler shut the system down as it was
designed to do. A maximum motor winding temperature
of 162C was observed.

Test 115

This test was a repeat of test 114. After 10 minutes of
operation one of the alternator RTD's failed and the
controller shut the system down. The RTD was by-
passed for further testing.

Test 116

This test was a repeat of test 114. After 2.5 minutes of
operation another altemator RTD failure occurred and
the controller shut the system down. This RTD was also
bypassed.

This test was a repeat of test 114. After 14 minutes of
operation the controller shut the system down because
one of the motor RTD's indicated excessive tempera-
ture. The RTD in question was not open circuited (indic-
ating failure) but was reading much higher (200C) than
the other RTD's in the machine.

Test 118

‘ This test was a repeat of test 114. Testing continued

after test 117 without change to see if the same result
occurred again. After 19 minutes of operaticn an exces-
sive winding temperature (120C) was indicated by a
thermocouple. The unit was manually shut down. At this
time it appeared that the RTD in test 117 was not be-
having consistently.

Test 119

After test 118 it was hypothesized that the cooling sys-
tem would function better at a higher speed. Therefore,
this test was run at 75% full power. After 2 minutes of
operation the controller shut the system down because
of excessive temperature in the motor winding. It was
concluded from this that there were other problems with
the cooling system.

SYSTEM TEST RESULTS
Test Date Speed Power | Time
RPM HP | MIN. | Comments
113 | 3sme | 4300 48 50 | Objective Met
114 | 3889 | 6500 161 - | Aborted
115 | 37m9 | 6500 161 10 | Aborted
116 | 3789 | 6500 161 25 | Aborted
17 | a7m9 | 6500 161 | 145 | Aborted
18 | 3789 | 6500 161 19 | Aborted
19 | 37m9 | 8000 296 2 | Aborted
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Test 201 duce edge shorts between the laminations produced by

After test 119 a flow meter was added to the cooling oil
circuit. The flow rate (1.8 GPM) was found to be far
below the design flow (3.5 GPM). It was found that in-
creasing the oil level in the motor brought the flow rate
up to design value and this test was therefore run at the
40% power level of 114 with an increased oil level. A
steady state temperature was achieved in 60 minutes.

Test 202

This test was conducted at full power with the objective
to demonstrate thermal steady state operation. After 2
minutes of operation an excessive winding temperature
(130C) was indicated by a thermocouple. The system
was shutdown manually. At this time it was concluded
that the cooling system was inadsquate.

Test 203

At this point it was desired to determine what power
level the machine was capable of handling. Therefore
this test was conducted at 70% full power. After 6 min-
utes of operation excessive motor winding temperature
(180C) was indicated by a thermocouple. The system
was manually shut down.

After this test it was determined that motor performance
had deteriorated since the first test results were ob-
tained. The machine was disassembled and damage
was found on the rotor, stator and SDG pinion. Repairs
were made to the rotor and a new end ring centering
mechanism was designed and installed. The outside
diameter was also cut with wire EDM in an effort to re-

the grinding process.

Subsequent component testing showed that the friction
and windage of the machine was excessive when oil
was sprayed on the end of the rotor. The stator was
modified at this time to include drainage passages in the
top sticks adjacent to the end of the rotor. Further com-
ponent testing showed a large improvement in perform-
ance.

The lubrication system was also modified at this time to
include end turn cooling for the stator. This increased
the requirement for total oil flow and subsequent com-
ponent tests showed that the oil suction passage was
restricted. Therefore, an external suction line was add-
ed as a temporary measure to continue the test pro-
gram. No change was required for the lubrication pump
since it already had adequate capacity to supply the
new flow requirement.

Component testing was also done on the stator at this
time and it was found that the heat flow from the stator
through the housing was inadequate. At this time a new
housing design with a water jacket was begun. To con-
tinue testing, the original housing was modified to flow
water through existing heat exchanger.

The SDG had been used in all previous testing and it
was known at this time that the lubrication system had
not been functioning properly in some of those tests.
Therefore, the SDG was replaced and no additional
modifications made.

SYSTEM TEST RESULTS

Speed Power | Time
Tost | Date RPM HP | MIN. | Comments
201 | an2ee| es00 161 60 |Objective Met
202 | 31289| 9000 399 2 |Aborted
203 | 12| 8000 204 6 |Aborted
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Test 505

This test was conducted at 11% full power to establish
initial steady state thermal performance to be compared
to previous data taken in test 113. Steady state was
achieved in 10 minutes and temperatures ran substan-
tially cooler than in previous tests.

Test 506

This test was conducted at 40% full power for compari-
son with data from test 201. Steady state was achieved
in 10 minutes and again, temperatures ran substantially
lower (120C) than in previous tests. Minor pinion dam-
age was observed after this test which indicated inade-
quate lubrication in the SDG. At this time the SDG was
modified to create a partially flooded gear train in an
attempt to improve the lubrication performance.

Test 510

This test was conducted at 9000 RPM and 40% full
power. The objective of this test was to compare the
thermal performance of the machine at full speed and at
the power of test 506 to the performance observed in
test 506. Steady state was achieved in 10 minutes and
temperatures continued to be lower than in previous
tests. There was no additional damage observable on
the SDG pinion.

‘Test 515

This test was conducted at 9000 RPM and 75% full
power with the objective of demonstrating steady state
at a higher power level. Steady state was achieved in
10 minutes. Additional SDG pinion damage was ob-
served after this test (the pinion had suffered minor
damage in test 506).

Test 519

This test was a repeat of test 515 except that the motor
was reversed. In previous testing only one side of the
pinion teeth were damaged. Therefore, reversing the
motor was equivalent to starting with a new pinion. The
pumose of this test was to determine if an undamaged
pinion would perform better than the one used in test
515. Steady state was achieved in 10 minutes.

When the machine was torn down it was found that the
SDG pinion sustained the same damage as before and
that the rotor had rubbed the stator again. Testing was

. suspended until modifications could be made to the

rotor and SDG lubrication system. The design changes
are described in Section 3 Design Review.

SYSTEM TEST RESULTS
T D Speed Power | Time
ost ate RPM HP | MIN. | Comments
505 | 5/18/89 4300 48 10 Objective Met
506 | 5/18/89 6500 161 10 Objective Met
510 | 530/89 8000 161 10 Objective Met
515 6/4/89 9000 00 10 Objective Met
519 6/7/89 9000 300 10 Objective Met
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COMPONENT TESTING

As mentioned at the beginning of this section compo-
nent testing was conducted where practical to demon-
strate that components were ready for testing at higher

AMPHIBIOUS PROPULSION
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TEST OBJECTIVES/RESULTS

"Ambpibious Vehicle Propulsion System Acceptance
Test Report", Westinghouse Electric Corporation, Naval
Systems Division, December 21, 1989 (Appendix ).
The table below summarizes the testing.

Vibration
Losses
No Load Performance

Thermal performance
Etficiency

Controller

Current Limit

Steady State Fieid Current
Heat Run

Fault Protection

1 assembly levels. Results of this testing are given in the
Component Test Results
Teat Deacription Test Objective
ARternator
Dielectric Verity insulation integrity/establish baseiine

Verify maximum exciter current

Verify regulation function

Steady state temperature at maximum load
Verify all system functions

Correct mounting bracket problem
Friction, windage, core lcsses

Output voiltage as a function of shaft speed
and exciter current

Steaty state temperature at full load
Electrical output / Mechanical Input

ARemator/Controlier

Main Fleid Frequency Response Determine time constant
Closed Loop V/HZ Reguiation Verity controller function
Transient Response Overshoot and recovery time

Motor/SDQ
Stator insuistion integrity/verify design parameters
Rotor Bar Resistance Verity joint resistance
Rotor spin Verity deflection/strength
Spray Nozzle Verity flow characteristice
Rotor Resonance Verity critical speed
Locked Rotor Determine resistance/isakage inductance
Stator AC resistance Verity design parameters
Stator Heet Runs Thermesl resistance
Startup Starting torque
Friction and Windage Losses: friction, windage, oll drag

sSDa
Losses Friction, windage, oil drag
Nozzie Performance Verity Flow characteristics
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PRODUCTION COST ESTIMATE

The production cost estimate reflects the fact that no unusual, exotic or proprietary manufacturing
processes are required to fabricate the propulsion system.

An estimate of the production cost of the amphibious Production Cost Estimate
H H H Estimated Coet Estimated Cost
propulsion system was performed. This estimate wes Dascription for 1400 Vehicies Vehici
assumes the current design of all components. The 0.0 [Amphibious Propuision $812,738,169 $437.870]
production quantity was based on a production run of —p
. . 1.0 [Propulsi ve $310,019,117 $221.442
1409 vehicles wr!h 4 mptor/alternatgr/controller sets per T AT 55T 120500
vehicle. The estimate includes tooling costs associated 